Abstract--To test the hypothesis that berthierine in oolitic ironstones formed by diagenetic transformation of detrital kaolinite, laboratory experiments simulating the early diagenetic conditions were conducted. Representative sets of the initial sediment were prepared in distilled water and artificial seawater suspensions by mixing 4-13 g/liter kaolinite with Fe(OH)a precipitated from 0.1-0.3 M FeClz solutions. ~NazS204 was added to the suspensions as a reducing agent, and inert Nz atmospheres were used to maintain the required Eh between + 100 and -400 mV. The pH of the suspensions was controlled between 8 and 5 with dilute HC1. Within 300 days, the iron content of the bulk kaolinite in the seawater suspensions progressively increased from 0.18 to 2.44% at pH = 7 and Eh between -250 and -350 mV. Energy dispersive X-ray analyses of individual clay platelets in the final products showed progressive, temporal increase in Fe, and concomitant decrease in AI and Si. X-ray powder diffractometry revealed small d (001)-d(002) shifts, marked intensity reversals of (001) and (002) reflections, and the development of additional characteristic berthierine reflections with time. These data suggest progressive transformation of kaolinite to berthierine. Microprobe analyses of natural berthierine in oolitic ironstones also showed parallel patterns, which substantiate such progressive transformation from the margin toward the core of the ooids. The transformation did not take place in distilled water. The addition of Mg 2 § to the distilled water suspensions, however, promoted the transformation.
INTRODUCTION
Berthierine (formerly chamosite) is a trioctahedral ferriferrous clay mineral with the general composition YrZ4010(OH)s, (Y = Fe 2+, Mg, Fe 3+, A1; Z = Si, A1, Fe3+), similar to chlorite but structurally related to serpentine in having 7-/~ basal spacing (Brindley, 1982) . It is ubiquitous in Phanerozoic oolitic ironstones (James, 1966; Kimberley, 1979) including ferruginous fecal pellets and proto-ooids in Recent coastal sediments (Porrenga, 1967; Rohrlich et al., 1969; Giresse and Odin, 1973; Allen et al., 1979) .
The dominant ferrous chemistry of berthierine (Table  I ) and its restricted occurrence in Phanerozic oolitic ironstones have been the focus of several investigations on the origin of these ironstones (Taylor, 1951; James, 1966; Schellmann, 1969; Karpov et al., 1967; Bubenicek, 1971; Kimberley, 1980) . Genetic discussions are generally divided between the possibility of primary chemical precipitation and of diagenetic replacement modes of formation. It has been demonstrated that primary precipitation of a ferrous mineral like berthierine from shallow, well-oxygenated surface waters is unlikely (Curtis and Spears, 1968; Crerar et al., 1979) , particularly in the light of fluctuating Eh, pH, and solution composition necessary for the precipitation of ferric oxide and ferrous silicate in alternate sheaths such as are commonly found in ferriferrous ooids. Moreover, concentrations of dissolved aluminum in fresh and seawaters at 0.001 ppm (Sacket and Arrhenius, 1962) and 0.3 ppm (Beck et al., 1974) , respectively, apparently are too low for the extensive berthierine precipCopyright 9 1983, The Clay Minerals Society itation needed to produce the oolitic iron formations (Kimberley, 1979) . Most of the field and laboratory observations, on the other hand, suggest diagenetic origins, such as (1) dissolution of argillaceous sediments and reprecipitation (i.e., neoformation) as berthierine (Litvinenko, 1958 in Sokolova, 1964 ; (2) crystallization from noncrystalline SiO2-AI(OH)3-Fe(OH)3 precipitates under reducing conditions (Caill~re and Hrnin, 1960; Bubenicek, 1971; Harder, 1978) ; (3) replacement of calcareous oolites (Kimberley, 1979 (Kimberley, , 1980 , and (4) transformation of detrital kaolinite (Karpov et al., 1967; Schellmann, 1969; Velde, 1977; Bhattacharyya, 1980; Iijima and Matsumoto, 1982) .
Neoformation may contribute, in part, to the berthierine content of ironstones as pore-filling cement by processes (1) or (2), or a combination thereof. Berthierine in ooids could not have been formed by such a process, however, because neoformation would require the in situ formation of ooids. Geological evidence, such as cross bedding and sorting within the oolitic ironstones and ooid-filled burrows in the underlying sediments, indicate that the ooids had already formed prior to their deposition as oolitic ironstone (Bhattacharyya, 1980) . Moreover, internal mineral fabric of the ferruginous ooids does not show the radial, spherulitic arrangement of the constituent minerals that is typical of crystallization fabric found in bauxite pisoids (Bhattacharyya and Kakimoto, 1982) . Instead, the ironstone ooids show concentric tangential orientation of berthierine flakes and iron oxide minerals, similar to Bahaman calcareous ooids (Rohrlich, 1974) . The latter have been interpreted to possess a mechanical accretion fabric, in contrast to the radial crystallization fabric of the Salt Lake-type ooids (Sandberg, 1975) . A dominant siliciclastic sedimentary association and facies sequences of the oolitic ironstones vitiate the calcareous oolite replacement hypothesis as the principal mode of formation of ferriferrous ooids (Bhattacharyya, 1980; Bradshaw et al., 1980; Van Houten and Bhattacharyya, 1982) . Moreover, radial fabric, common in carbonate oolites (Sandberg, 1975; Davies and Martin, 1976) , has not been reported in the oolitic ironstones; neither have unequivocal carbonate ooids partially replaced by berthierine, even in thick and extensive ironstone deposits as young in age as Pliocene in the Kerch peninsula of the Soviet Union (Sokolova, 1964) .
A facies model and petrographic evidence derived from the studies of a number of Phanerozoic oolitic ironstones (Bhattacharyya, 1980; Van Houten and Bhattacharyya, 1982) suggest that early diagenetic transformation of detrital kaolinite, both in the matrix and the ooids of the ironstone precursor (i.e., oolitic, ferruginous sediment prior to diagenesis), is a probable mode of berthierine formation.
The model gains further support from the occurrence of kaolinite ooids in ironstones (Taylor, 1951 ; Adeleye, 1973) , and also from the occurrence of 10-30% kaolinite mixed with berthierine in concentric sheaths in ooids (Bhattacharyya, 1980) . But Taylor (1951) interpreted these occurrences as the product of leaching of berthierine by ground water, as opposed to kaolinite left over due to incompleteness of diagenetic transformation. Assuming that the diagenetic or leaching reactions progressed from margin to core of the ooids, a progressive iron enrichment and concomitant Si-A1 depletion would be expected in the berthierine compositions from margin to core of the ooids in the event of progressive diagenesis. A reverse relationship would be observed in the leached products.
The purpose of the present study, therefore, was to investigate the possibility of transformation of kaolinite to berthierine in the laboratory simulating early diagenetic conditions (i.e., T -20~ P -1 atm., pH 8-5, Eh = + 100 to -400 mV) and the Fe-AI-Si compositional gradients of berthierine within natural ooids using an electron microprobe to formulate an unambiguous genetic model for berthierine in ironstones.
MATERIALS AND METHOD
Iron-rich, kaolinitic sediments were simulated in the laboratory by mixing chemical grade kaolinite (N.F. 1591, supplied by the Georgia Kaolin Company) with an excess of Fe(OH)z precipitates. Kaolinite suspensions containing 4-13 g/liter were prepared in distilled water, artificial seawater (prepared from the recipe of Lyman and Flemming, 1940, in Home, 1964, p. 140) , and distilled water spiked with 0.5% MgC12. Washed and vacuum-filtered Fe(OH)3, freshly precipitated from 100 ml of 0.1-0.3 M FeCI3 solutions, was added to each 100-ml aliquot of the kaolinite suspensions. The pH of the final suspensions was controlled between 8.5 and 5 by the addition of dilute HCI. Sodium dithionite (0.1-0.3 g) was added to the suspensions as a reducing agent. Several bottles in a set were sealed under specific pH, Eh, and inert nitrogen environments. The experiments with MgC12-spiked distilled water suspensions were conducted to see if Mg also catalyzed the reaction, as observed by Harder (1978) during the clay mineral synthesis experiments with Fe-Mg-AI-Si hydroxygel precipitates. At periodic intervals between 30 and 300 days one bottle from each set was opened, the pH and Eh were determined, and the contents were filtered through 0.22-/~m Millipore (R) filter paper. Dissolved Fe, A1, and Si in the filtrate were determined by atomic absorption spectroscopy, and the residue was analyzed by X-ray powder diffractometry and chemical analysis. Before chemical analysis, "free iron" was chelated out of the residue with NaHCO3-buffered sodium citrate solution following the method of Mehra and Jackson (1960) . Small quantities of noncrystalline iron sulfide, produced by the reaction between Fe(OH)3 and Na~S204, were removed by treatment with cold 0.1 M HC1 for 8 hr under continuous agitation.
The iron content of the bulk clays thus prepared was determined by a Perkin-Elmer 603 Atomic Absorption Spectrometer. The standard HF + H2SO4 dissolution technique was used to make the spectrometric solutions. In addition, individual clay platelets of the starting kaolinite and the final products from two sets of experimental runs in artificial seawater under pH 8 and 7 were analyzed for Fe, A1, and Si by a scanning electron microscope (SEM) with an energy dispersive X-ray (EDX) microanalyzer (PGT System III EDA). Spot analyses of berthierine in different concentric sheaths within the ooids were made by an ARL-EMX electron microprobe using a beam diameter of 1 /zm. Twentyone ooids showing well-developed alternate sheaths of clay and iron oxide minerals ( Figure 1 ) were selected from 8 thin sections of the Aswan ironstones (Bhattacharyya, 1980) for the microprobe analyses.
RESULTS AND DISCUSSION
From the transformation data listed in Table 2 and the iron content-time relationship plotted in Figure 2 , the kaolinite in the seawater and the MgC12-spiked freshwater suspensions incorporated a significant amount of iron into its structure, probably converting it to protoberthierine. The amount of incorporated iron increased with time. That the iron was not adsorbed on the surface but substituted within the clay structure is indicated by marked changes in the intensities of (001) and (002) basal reflections (see Brown, 1955) , small but noticeable decreases in d(001) and d(002) (i.e., towards berthierine), and the appearance of characteristic berthierine reflections at 2.68, 2.51, 2.14, i.77, and 1.55 A (Table (Figure 4 ). In the experimental clays, however, only a few clay platelets show appreciable iron enrichment suggesting varying degrees of structural degradation in the experimental kaolinite, with the most degraded being the most susceptible to the intake of iron.
Electron microprobe analyses of berthierine in different concentric sheaths within ironstone ooids indicate that berthierine in ooids is progressively enriched in Fe and concomitantly depleted in A1 and Si from the core towards the margin of the ooids. The pattern is similar to the variation depicted in Figure 4 . This compositional variation of berthierine in natural ooids is interpreted as the result of progressive transformation of kaolinite to berthierine from the margin towards the center of the ooids. Post-diagenetic leaching (Taylor, 1951) could not have produced such a pattern. The 10--30% kaolinite in ironstone ooids and sporadic kaolinite ooids associated with ironstones (reported by Taylor, 1951; Adeleye, 1973) probably represent unreacted kaolinite in the parent rock.
Published analyses of berthierine show a wide variation in composition, and variable AI/Si and AI/(AI + Si) atomic ratios (Table 1) (Table  2) . Note the reversal of the 001 and 002 peak intensities, and the appearance of new berthierine and quartz peaks in the product clays (B). Newfoundland, Canada; 5, 6, llmVoronezh anticlise, Kursk, USSR; 7--Ayrshire, Scotland; 8--Sussex, England; 9---Corby, England; 10---Pegnitz, Germany; 12--Gunflint range, U SA-Canada; 13--Sainte-Barbe, France; 14---Kuntenberg, Czechoslovakia; (Nos. 15-19, from James, 1966, Table 2 , illustrating progressive Fe substitution in kaolinite to produce berthierine.
The natural reactions, understandably, are more complex and variable. However, under the ambient pH and Eh required for the mobilization of Fe z+ and Fe 3+, similar reactions are promoted in an iron-rich environment. These reactions would especially be favored in moderately reducing diagenetic environments. Early diagenetic lowering of pH and Eh in Recent sediments from a variety of marginal marine environments has been documented (Friedman and Gavish, 1970) , and the fact that berthierine is restricted essentially to ironstones points to its close relationship with initially iron-rich environments.
Eqs. (1) and (2) suggest that substantial amounts of AI and Si are released during these reactions. In the experiments, however, as much as 5 ppm AI, but no Si at the ppm level, was detected in the filtrate. Nevertheless, a number of XRD patterns of the product clays showed the 3.34-• reflection of quartz that was not present in the initial material (Figure 3) . Rarely, scanning electron micrographs of the product clays also showed small, euhedral crystals of quartz ( Figure 5) . The low concentrations of dissolved A1 and Si in the filtrate are probably caused by chemisorption of these ions by excess of Fe(OH)3 present in the suspension (Harder, 1978) . Si is further depleted in the solution because of its rapid polymerization into crystalline quartz in the presence of Fe(OH)3 precipitates (Harder, 1978) . SiO2 polymerization is also presumed to be enhanced by Mg 2 § in the solution (see below). The occurrence of silica spherules within the ironstone ooids (Rohrlich, Figure 5 . Scanning electron micrograph of neoformed, euhedral crystal of quartz (bright crystal in the center) in the product clay. White bar = 1 p.m.
1974; Bhattacharyya and Kakimoto, 1982) is possibly due to such polymerization. Parts of the released AI and Si probably contributed to the neoformation of berthierine cement in the ironstones (Bhattacharyya and Kakimoto, 1982) . In the experimental products, however, the relatively large size of the berthierine flakes (/>1/xm), even in runs as short as 30 days, and the temporal compositional variation of berthierine (Figure 4 ) suggest progressive substitution rather than neoformation.
In the artificial seawater suspensions, the most favorable chemical environment for the transformation of kaolinite to berthierine was found to be at or near pH 7 and Eh between -200 and -300 mV (Table 2) . But the reactions seemed to take place at a variable rate over the pH and Eh range of natural, early diagenetic environments (5 < pH < 8; -300 < Eh < 100 mV). Theoretical considerations of the stability relations of sedimentary iron minerals (Garrels and Christ, 1965; Figures 7.21, 7.23 ) support this mechanism if the variability of dissolved S and CO2 and the degree of saturation with noncrystalline SiO~ are taken into account. However, the stability field of iron aluminosilicate (berthierine) would probably be larger and somewhat modifed relative to the FeSiOa analogue chosen for theoretical calculations (Garrels and Christ, 1965, p. 226) , because such materials in nature (i,e., ortho-or clinoferrosilite) are high-temperature phases and their thermodynamic properties are not representative of those of a low-temperature, (OH)-bearing phase like berthierine. In the ironstones, the paragenetic sequence of the three common iron-bearing minerals is goethite, berthierine, and siderite, in that order, and siderite commonly replaces berthierine (Schellmann, 1969; Bubenicek, 1971; Bradshaw et al., 1980; Bhattacharyya, 1980) . These relationships also suggest that berthierine is stable under conditions intermediate between those required for the formation of Fe(OH)3 and FeCO3.
In the freshwater suspensions, the transformation of kaolinite to berthierine was negligible. The presence of Mg 2+ in the solution apparently promoted the conversion (Table 2, Figure 2) , as noted by Harder (1978) . A similar, apparently catalytic effect of Mg 2+ on the diagenetic transformation of noncrystalline SiO~ into opal-CT has also been noted (Kastner et al., 1977) .
Commonly, berthierine and glauconite are mutually exclusive in any specific ironstone bed, but are related to each other by lateral and vertical lithofacies variation within the iron formations. Berthierine occurs in presumably near-shore and glauconite in off-shore facies, as in the Silurian Clinton Group of the eastern United States (Hunter, 1970) , the Devonian iron formations in the southwestern part of the Soviet Union (Karpov et al., 1967) , the Jurassic carbonate and argillaceous deposits in Europe (Gygi, 1981) , and the Cenozoic arenaceous deposits in the southern United States (Jones, 1969) . In Recent sediments, berthierine and glauconite occur in zones along coasts at water depths of 50 and 150 m, respectively (Porrenga, 1967; Giresse and Odin, 1973; Odin and Matter, 1981) . In ancient sediments such a differential distribution has been attributed to differential salinities of the seawater (Hunter, 1970) . In Recent sediments, differences in sedimentary environment (Giresse and Odin, 1973; Odin and Matter, 1981) or differences in temperature due to variation in water depth (Porrenga, 1967; Odin and Matter, 1981) havebeen suggested as possible causes. However, the distribution of glauconite and berthierine in Recent sediments (Rohrlich, 1969; Odin and Matter, 1981) does not substantiate the control of seawater salinity and temperature on the formation of these minerals.
An important aspect indicated by the studies of present-day coastal sedimentation is the coincidence ofberthierine-and glauconite-forming zones with the coastparallel zones of kaolinite and smectite sedimentation, respectively (Pinsak and Murray, 1960; Porrenga, 1967; Doyle and Sparks, 1980) . Differential flocculafion and settling properties of the detrital clays (Whitehouse et al., 1960) are probably responsible for this zonal distribution of kaolinite and smectites. But all kaolinite and smectite sedimentation zones are not berthierine or glauconite producing, probably because in areas of high sedimentation rate the sediments are not enriched in iron. Only in sediment-starved environments would these two clay sedimentation zones be relatively enriched in iron supplied by rivers and other sources.
Commonly, the near-shore kaolinite zone is associated with dominant detrital lithofacies, whereas the off-shore smectite zone is associated with carbonates. The occurrence of berthierine and glauconite in sedimentstarved condensed sequences (Bhattacharyya, 1980; Gygi, 1981; Odin and Matter, 1981) , their common association with detrital and carbonate rocks, and their coincidence with coast-parallel zones of kaolinite and smectite sedimentation, respectively, all point to a common genetic process acting on different detrital precursors to produce berthierine and glauconite (Bhattacharyya, 1980; Van Houten and Bhattacharyya, 1982) .
Normally, glauconite occurs as peloids, and berthierine forms both ooids and peloids; but most ooids have a peloidal nucleus (Bhattacharyya, 1980) . The distinction probably reflects a basic difference in bond strength between precursor clay particles. Unlike smectite, kaolinite with a higher bond strength between platelets (Whitehouse et al., 1960; van Olphen, 1977 ) is susceptible to mechanical accretion into ooids around peloidal or other granular mineral nuclei in near-shore, relatively high-energy and sediment-starved environments (Bhattacharyya and Kakimoto, 1982) . Most of the peloids are probably fecal, in which the particles are held together by fecal mucus.
CONCLUSION
Berthierine is essentially diagenetic in origin and is genetically related to a detrital precursor, kaolinite. After deposition, early diagenetic remobilization of iron initiates substitutive transformation of kaolinite to berthierine, forming the bulk of the mineral in ironstones. AI and Si, released during such reactions, contribute to the neoformation of berthierine cement as well as opaline SiO2 in ironstones. Geologic, chemical, and petromineralogic constraints on the genetic model for berthierine in ironstones are:
1. Restricted occurrence in marginal marine, shoaling upward, detrital sediments marked by sedimentstarved conditions; 2. Dominant ferrous chemistry of berthierine in an otherwise well-oxygenated sediment-water interface, indicated by a profusion of feeding benthos (burrowers); 3. Concentric-tangential accretion fabric of ironstone ooids; 4. Alternate ferric and ferrous mineralogy in the concentric sheaths within ooids; 5. Association with kaolinite and kaolinitic claystones in space and time.
Most of these constraints vitiate primary precipitation, diagenetic carbonate oolite replacement, and diagenetic neoformation for the bulk of the berthierine in ironstones. Among other necessary conditions, the most important is an initial enrichment of the sediments in iron to promote mass action. The presence of ions such as Mg 2+ may catalyze the transformation.
